Lymphocyte populations show a high level of phenotypic variability and are highly heterogeneous in their gene expression patterns. Studying this cell-to-cell variability, the processes which generate it and its implications for lymphocyte function can be advanced by live cell imaging combined with measurements of gene expression at the single-cell level. However, until recently such studies were limited due to the high motility of primary lymphocytes following their activation, their clustering that precludes single-cell analysis and the prolonged duration of relevant processes such as cell differentiation. In this review, we describe recent methodological advances, which enable single-cell studies of primary lymphocytes, and present some applications of these new techniques. We focus our discussion on microwell arrays. These arrays are typically comprised of thousands of small microwells in which primary lymphocytes can be trapped and imaged over long periods of time. This allows for quantitative evaluation of various cellular processes including cell proliferation, cell death, cytokine secretion and measurements of gene expression at the single-cell level. These advances pave the way for future studies of population variability, dynamic cell responses, stochasticity in gene expression and intercellular interactions between functional lymphocytes in controlled microenvironments.
INTRODUCTION
Studying gene expression at the single-cell level has provided many important insights on gene regulatory mechanisms [1, 2] , protein expression dynamics [3] [4] [5] and the sources and implications of gene expression variability [2, 6, 7] . These studies often rely on dynamic measurements, as provided by timelapse microscopy, to obtain data on many individual cells over time. Dynamic single-cell measurements of gene expression have been used mainly for studying bacterial and yeast cells and in recent years it has also been employed for evaluating dynamic changes of protein levels in mammalian cell lines [4, 8] . There is a growing interest in extending these techniques to the study of primary mammalian cells, and in particular immune cells and lymphocytes.
The immune system contains cells of many types, which are required for efficient responses to different threats while maintaining the integrity of the organism. Immune cells move within the body and are exposed to dynamically varying signals, to which they respond by changing expression levels of their genes. As an example, when a T cell recognizes a cognate antigen presented by an antigen-presenting cell, it elevates expression of genes that promote changes in cell motility, enhanced cell survival and proliferation, and secretion of cytokines (small secreted proteins that drive intercellular communication [9, 10] ). Depending on the presence of other signals in the microenvironment, the T cell can also differentiate into various lineages, which are characterized by specific patterns of gene expression. There is a growing body of evidence showing that immune cell populations are highly heterogeneous in levels of gene expression [11] [12] [13] [14] [15] . For example, it has been shown that individual cells within populations of CD4 þ T lymphocytes, which are growing under similar conditions, vary in their patterns of cytokine expression [13, 14, [16] [17] [18] . This heterogeneity is believed to stem from stochastic processes, which may provide optimal performance under complex and unpredictable conditions. The dynamic nature of intercellular interactions also contributes to variability between cells. For example, T cells form immune synapses with antigen-presenting cells, whereas the time of contact between cells varies from few minutes to hours. These interactions can be followed by live cell imaging, allowing one to correlate between duration of individual interactions to observed phenotypic changes of individual cells. Hence, conducting dynamic single-cell measurements on primary immune cells would be of great importance to promote investigation of the regulatory mechanisms underlining cell-to-cell variability and provide insights into the ways by which heterogeneity influences the behavior of these cells during immune responses.
Performing dynamic single-cell measurements on primary T cells is, however, a challenging task. Naive T-cells become activated and start differentiating after recognition of their cognate antigen and receiving adequate costimulatory signals. This process is accompanied by cell proliferation and differential expression of various genes, including cytokines and their receptors [9, 10] . T cells are nonadherent and become highly motile following their activation [19] . Therefore, long-term imaging (for several days) is hard to implement as the cells would escape from the microscope field of view during the imaging period. In addition, activated CD4 þ T-cell tend to form large clusters after activation [20, 21] , which highly complicates identification and tracking of single cells. Finally, these activation and differentiation processes are developing over several days, hence to fully characterize cellular behavior cells need to be monitored throughout this time period. One promising method to solve these difficulties is the use of microfluidic devices [22] and in particular microwell arrays to trap nonadherent cells, enabling long-term measurements to be carried out on single cells over time. In this review, we describe recent progress made by us and others in this field of single-cell analysis of primary lymphocytes using microfluidics and microwell arrays.
MICROWELL ARRAYS: FABRICATION AND CELL CULTURE
Microfluidics technology has gained much attention in recent years, providing valuable tools for exploring various cell types at the single-cell level [22] . Using this technology, it is possible to manufacture chips of different architectures which allow for capture, culture and monitoring of single cells. These devices are compatible with light and fluorescence microscopy; hence, gene expression can be followed at the singlecell level, for example using fluorescent protein reporters. In recent years, different groups had demonstrated the use of microwell arrays to capture and culture primary lymphocytes, and to investigate gene expression, cytokine secretion, as well as timing of cell proliferation and death, all at the single-cell level. These microwell arrays are typically made of polydimethylsiloxane (PDMS) [23] , or other polymers such as polyester [24] or polystyrene [25] , and are usually fabricated using standard soft lithography techniques. Arrays contain between a few tens to tens-of-thousands of microwells that vary in size and depth, thus providing adequate statistics on a large number of cells that can be monitored in parallel in the same experiment. These arrays can be mounted on a glass slide [25, 26] , combined with a microfluidic chip [27] , or placed at the bottom of a standard cell culture plate [28, 29] . Figure 1 schematically shows the manufacturing process of two types of microwell-arrays that we use in our lab, the first contains microwells with PDMS bottom ( Figure 1B, right) , whereas the second has glass bottom ( Figure 1B, left) . These designs provide flexibility in surface functionalization, allowing for different forms of cell activation as described below. We also optimized and characterized cell loading into the arrays and means of T-cell activation within them [29] . Fabrication starts with a photoresist template on a silicon wafer, which contains pillars with desired height, diameter and spacing. PDMS is poured on the template and is spun to achieve a thin layer. By controlling the relative heights of the PDMS layer and the photoresist pillars, it is possible to produce either an array of microwells with PDMS bottom (PDMS layer is higher than the pillars, Figure 1B, right) , or an array containing holes (PDMS layer is lower than the pillars, Figure 1B , left). The latter array results in glass bottom microwells when attached to a glass surface. The last procedure is currently limited in the aspect ratio of the microwells that can be produced and their minimal diameter, compared with the PDMS bottom arrays. In both cases, the PDMS is hardened, peeled off the template and placed at the bottom of an optical 96-well plate.
Next, cell growth medium is added to the well, and cells are placed on the array and are allowed to settle in the microwells. Cell activation can be achieved using anti-CD3 and anti-CD28 antibodies. These antibodies provide T cells with activation and co-stimulation signals independent of T-cell receptor (TCR) specificity, allowing for activation of polyclonal T-cell populations under well-defined conditions. For the glass bottom microwells ( Figure 1B , left), the bottom of the 96-well is coated with a mixture of these antibodies prior to the attachment of the thin PDMS layer. As the PDMS walls are not coated with the antibodies, cells remain within the microwell for extended periods of time (up to 96 h). Notably, if the PDMS walls are also coated with the antibody mixture, activated T cells can climb out even from microwells that are 2-3 times deeper than the cell diameter. As an alternative, microwells can be patterned with antibodies using microcontact printing of PLL-g-PEG. This method was previously used to functionalize microwell-arrays with fibronectin for the long-term culture of stem cells [31] but might be adopted for antibody coating as well. Using this method, coating can be placed only in specific areas inside the microwells, which facilitates patterned coating even when it is impossible to make holes in the PDMS.
To prevent escape of cells out of the microwells in the case of the PDMS bottom arrays ( Figure 1B , right), anti-CD3 þ anti-CD28 coated microbeads are administered with the cells. The beads provide activation signals to the T cells but prevent the cells from escaping the microwells as cells tend to stay in close proximity to the activating microbeads. Here, as well, cells can remain in the microwells for up to 96 h. We evaluated cell viability and proliferation in these devices and found them to be similar to those measured in a regular cell culture [29] .
USING MICROWELL ARRAYS FOR DETECTION OF SECRETED MOLECULES
An important attribute of microwell arrays is that cells can be trapped and cultured in small volumes. This enables measurements of secreted molecules A photoresist template on a Silicon wafer is produced, containing pillars in required diameter (range: 25^300 mm) and height (range: 40^120 mm). This is followed by standard soft lithography techniques for production of the PDMS layer [30] . (B) PDMS is poured on the template and spun to fabricate holes (left) or PDMS-bottomed microwells (right). (C) After baking, hardened PDMS is lifted off the mold and is placed at the bottom of an optical 96 -well plate. This is followed by introduction of cell growth medium, and T-cells. T-cells can be stimulated either by coating of the 96 -well bottom (left) with anti-CD3þanti-CD28 antibodies, or using activation microbeads (right). from individual cells, as the concentrations of these molecules can reach relatively high levels within the microwells. This was demonstrated by the microengraving technique [26, [32] [33] [34] , which allows for detection of secreted cytokines and antibodies produced by single cells. In this method, cells are cultured in an array of separated microwells. Measurement of secreted molecules is performed by an enzyme-linked immunosorbent assay (ELISA) assay for thousands of microwells in parallel. First, a glass cover coated with capture antibodies for the desired cytokines is placed on top of the microwell array. Thus, individual cells are now sealed in small volumes and are incubated to allow secreted molecules to be captured on the antibody-coated glass. After incubation, the slide is separated from the array for detection, using fluorescently labeled secondary antibodies. This procedure allows for detection of several cytokines in parallel from each cell, along with measurements of other parameters such as cell surface markers [34] and can also be repeated to provide data at several time points [35] , as described in more detail below.
Similarly to the micro-engraving method, singlecell reverse transcriptase-polymerase chain reaction assays can also be performed inside sealed microwells [36] . Here, cell lysis and amplification reactions all take place within the array, as well as detection of amplified transcripts that are fluorescently labeled using gene-specific DNA probes. The small volume of the sealed microwells enables a highly sensitive identification of transcripts. This method has been also combined with the micro-engraving technique to investigate the relationship between RNA transcripts and protein secretion [36] .
CELL SCREENING IN MICROWELLS
A major advantage of microwell arrays is that following analysis, selected cells can be viably removed for further culture, analysis and expansion. This is especially useful for screening assays, for example when trying to enrich a population of lymphocytes for rare clones. Several research groups have been using such arrays for the screening of B-cell clones and hybridomas, which express specific antibodies of interest [25, 26, 33] . These studies demonstrate the advantages of microwell arrays over other methods as they allow for more rapid screens with better single-cell specificity. After responding clones are identified, for example by monitoring intracellular Ca 2þ responses [25] or by direct measurement of secreted antibodies using the abovementioned micro-engraving method, they can be extracted from the array using a micromanipulator for further analysis or expansion. Screening of hybridomas can also be done using fluorescence-activated cell sorting [37] ; however, in many cases not all positively stained cells are also antibody secreting, and thus additional testing by ELISA or similar methods are usually required to verify secretion and specificity [26] . When screening responding cells using Ca 2þ influx as a positive marker for rare clones, flow cytometery suffers from high false-positive rate (up to 1%), masking the truly positive clones [25] . Using microwellarrays, cells can undergo several screening rounds at different time points, such that late responding cells can also be identified. This is of particular importance in observations of heterogeneous populations such as polyclonal B cells. Furthermore, screening for secreted proteins (using micro-engraving) can be combined with measurements of additional parameters by cell imaging. These advantages make microwell arrays a versatile and efficient method for preforming single cells measurements for screening rare lymphocyte populations based on multiple criteria.
MICROWELL ARRAYS ENABLE DYNAMIC ANALYSIS OF GENE EXPRESSION
When dealing with dynamic processes such as the activation or differentiation of T and B cells, there is a need to preform dynamic measurements over long periods of time (several hours to several days). Love and coworkers used the abovementioned micro-engraving procedure repeatedly, allowing for sequential measurements of cytokine secretion from the same cells in several time points, studying thousands of cells in parallel. As an example, they demonstrated consecutive ELISA assays on human primary T cells trapped in microwells, following the same cells over the course of several hours [35] . Consecutive measurements were realized by growing the cells in microwells placed at the bottom of a regular culture plate, and attaching the array at specified time intervals to an antibody coated slide on which the secreted cytokines are captured. At the end of each cycle, cytokine levels are read as described earlier, and the array with cells is placed back in the culture plate, ready for another microengraving cycle. Cells were stained with fluorescent markers to verify viability and phenotype, allowing for correlation of temporal patterns of cytokine secretion with cell phenotypic markers at the singlecell level. These experiments revealed variability in temporal patterns of cytokine production between cells, and an interesting correlation between cytokine production patterns and the effector function of T cells. Another study from that group focused on the behavior of CD8 þ cells from human immunodeficiency virus (HIV)-infected patients [38] . Here, the earlier mentioned ELISA technique was combined with killing assays of CD8 þ T cells within the microwells, a combination which provides a comprehensive understanding of cellular processes by correlating gene expression patterns with a functional assay of the same cell.
An alternative approach is provided by dynamically monitoring gene expression in single primary lymphocytes using cells from transgenic mice strains, which express a fluorescent protein as a reporter for a specific gene of interest. Live cell imaging of these cells allows for monitoring gene expression dynamically with a very high temporal resolution, and provides access to various genes, not limited to secreted proteins or surface markers. This approach was recently used for studying differentiation of B-cells [39] , and also for measuring Foxp3 expression in T cells [29] . Here, we demonstrate further applications of this method for studying dynamics of expression of cytokine genes during T-cell activation and differentiation. Figure 2A shows bright field and fluorescence microscope images of a representative microwell harboring a single primary CD4 þ T-cell expressing green fluorescent protein (GFP) under control of the IL2 promotor [40] . The cytokine IL2 is expressed by T cells following their activation and plays important roles in initiating T-cell responses as it serves as a potent growth factor supporting clonal expansion. Heterogeneity in levels of IL2 was previously observed [41, 42] , but the dynamics of its expression at the single-cell level remains unknown. In this experiment, naive cells were extracted from mice spleens and placed in 60 mm glass-bottom microwells that were coated with anti-CD3 and anti-CD28 antibodies for T-cell activation. Cells were imaged for 72 h in 10 min intervals, and levels of GFP fluorescence were manually tracked from the resulting movies. GFP traces for a number of cells are plotted in Figure 2B . We find that IL2 levels in individual cells rise abruptly, within 5 h. Interestingly, there is a very large heterogeneity in the response time of different cells-some cells express IL2-GFP in the first few hours after activation, whereas others express it only after more than 2 days. As IL2 can affect nearby cells in a paracrine manner, such timing variability can have interesting implications for the multicellular behavior of T cells and the ways by which T-cell clones dynamically interact within lymph nodes.
A similar experiment was conducted with T cells extracted from transgenic mice in which the IL4 gene is followed by GFP [43] . In this experiment, we followed restimulation of CD4 þ T cells that were first differentiated toward the Th2 lineage. Th2 differentiated cells express a characteristic panel of cytokines, including IL4, upon restimulation of their TCR. However, it is well established that following restimulation, not all cells in a differentiated Th2 population will respond [44] [45] [46] [47] . We wanted to measure the temporal response of IL4 expression after restimulation, using live cell imaging within microwell arrays. Thus, Th2 cells were transferred into an array of 25 mm microwells, in which they were restimulated and imaged for their IL4-GFP expression ( Figure 2C ). Single-cell traces ( Figure 2D ) show that only a fraction of cells responded within 14 h after restimulation, in accordance with previous studies [44] [45] [46] [47] .
Another possibility for monitoring dynamics of gene expression in single cells is the use of continuous staining with fluorescently labeled antibodies. A low concentration of a labeled antibody that is targeting a surface protein of interest is added to the cell growth medium, minimally enhancing fluorescence background. Upon expression of the surface protein, cells are stained by the specific antibody and can be distinguished from background fluorescence due to accumulation of the labeled antibodies on the cell surface. This method is limited to monitoring cell surface proteins, but does not require genetic manipulations and can thus be used also for investigating human primary lymphocytes. It was used to follow expression of immunoglobulin G1 in B cells [39] , and of the activation marker CD69 following T-cell activation [29] . To summarize, the use of microwell arrays facilitates the long-term monitoring of gene expression dynamics in hundreds of individual cells over time. Cells are cultured in these arrays with minimal perturbation and remain viable and proliferative similarly to what is observed in a regular culture. Thus, these arrays provide a useful tool for measuring cell-to-cell variability in levels and timings of gene expression.
CORRELATING GENE EXPRESSION WITH CELL PROLIFERATION AND FUNCTION
As discussed elsewhere in this issue, there is a growing interest in methods that can provide precise event timing at the single-cell level [48] . Live cell imaging within microwell-arrays allows for direct quantification and event timing of cellular behaviors such as cell division and death. As cells remain within the microwells while proliferating, it is possible to construct cell lineage trees and investigate the statistics of cell division, cell death and their correlation with gene expression. This strategy was applied in a recent study for dynamic evaluation of B-cell behavior during activation induced class switch and differentiation [39] . Cell fate was monitored by dynamic antibody staining of IgG1 (reporting class switch) together with a genetically encoded fluorescent reporter (Blimp1-GFP), for detection of differentiation into plasmablasts. Exact timing of these events, as well as times of cell division and death, could be recorded for hundreds of cell families in parallel. These precise timings and correlations at the single-cell level allowed for construction of a statistical model explaining variance in cell differentiation based on stochastic competition between alternative cell fates.
We used microwell arrays to monitor proliferation and death of CD4 þ T cells following their activation. We quantified changes in cell death rate caused by T-cell activation, and determined timing for cell division in cell families starting from a single cell [29] . We found a very high correlation in division times of sister cells, which typically divide within less than 20 min from each other, with a cell cycle of 12 h. Similar correlation was observed previously also for B cells [39, 49] . Other dynamic measurements were also performed using microwell arrays, including killing assays by cytotoxic T cells [50] and NK cells [51] , and measurements of lymphocytes interacting with other supporting cells [52] . A somewhat different design, including microwells connected to long finger-like channels that trap cells, was recently used for monitoring the dynamics of HIV infection of primary human CD4 þ T cells [53] . These examples highlight the contribution of microwell-arrays in obtaining dynamic single-cell data, and the insights it may provide of the way immune responses are initiated and regulated.
AUTOMATED IMAGE ANALYSIS
As mentioned in the Introduction, lymphocyte activation and differentiation develop over several days. Microwell arrays enable monitoring of these processes for hundreds of cells in parallel with a temporal resolution of minutes, and thus the amount of data generated in a single experiment can be overwhelming. However, lymphocytes are hard to track automatically, as they become highly motile and dynamically change their shape and proliferate following activation. Hence, current analysis of movies is mostly manual or semiautomated. Although providing reliable results, manual tracking is highly laborious and automatic image analysis is needed to facilitate analysis and increase data throughput.
The first step in enabling automatic tracking and analysis of single cell is segmentation, identifying the cells' boundaries at each frame. Automated cell tracking during the entire movie is more challenging, due to rapid cell movement and cell proliferation, and will require adjustment of existing tools or development of new ones. Automatic segmentation is highly facilitated if cells express a constitutive fluorescent marker, as was demonstrated for bacteria [7, 54] and mammalian cell lines [4] . To adopt this method for automatic segmentation of primary cells, we use a reporter mouse strain which constitutively expresses tdRFP under the ROSA26 promotor [55] . These cells give a weak but stable red florescent signal, which is suitable for automatic segmentation. Figure 3A shows bright field (A1) and fluorescence (A2) images of such RFP-expressing cells placed in a microwell-array with activation micro-beads. We developed an automatic segmentation protocol for identifying RFP-labeled cells using MATLAB. As the activation micro-beads are also fluorescent under our imaging conditions, the automatic segmentation procedure first identifies the beads using the bright field channel and creates a mask excluding them from the florescent image. Typical results of this automatic cell segmentation procedure are shown in Figure 3A3 , providing very good segmentation of T cells. Figure 3B shows the distribution of mean fluorescent intensities (MFIs) of RFP-expressing cells (n ¼ 757). The distribution of MFI values is narrow, indicating that RFP levels are similar for all cells. This is beneficial for automatic segmentation as a uniform threshold can be set for all images in a particular experiment. Another useful attribute of these cells is that dead cells lose their RFP expression ( Figure 3C , blue arrows). This discards dead cells from the analysis without the need for additional staining for cell viability. These cells can allow for simultaneous monitoring of gene expression using other fluorescent colors.
As an example, we automatically quantified expression of CD4 on these cells, using FITC-labeled anti-CD4 antibodies. Figure 3C shows representative images of RFP-expressing T-cells stained with FITC conjugated anti-CD4 antibodies in bright field (C1), as well as green (C2) and red (C3) fluorescence channels. Live cells are identified using RFP expression as described above, and the level of CD4 in individual cells is quantified ( Figure 3D ). This automatic procedure allows for measuring gene expression levels on hundreds of cells, providing data similar to that obtained with flow cytometry. The use of microscopy provides further data on the cells, such as their size and shape, and can also be used to track changes in protein localization. Additionally, these RFP mice can be crossed with mice expressing a reporter gene of interest at another color, enabling automatic tracking of gene expression in individual cells. We envision that reporter strains with different available colors of fluorescent proteins will be crossed to yield dual or even triple reporters, allowing for automated tracking of expression dynamics of a number of genes simultaneously in single primary cells.
FUTURE PROSPECTS
Expression of cytokines and their receptors is highly heterogeneous in lymphocyte populations. Using microwell arrays, we are trying to better characterize this heterogeneity and study its functional implications during immune responses. It has been previously shown that cells possess sharp 'all-or-none' responses both in signaling downstream of the TCR following activation [56] and also in IL2 expression [57] . Moreover, measurements of cytokine expression following restimulation typically reveal expression in only a subset of cells. Interestingly, if cytokine expressing cells are sorted and reactivated, again only a subset of cells are found to express [46] . Monoallelic expression was observed for a number of cytokine genes [41, 58, 59] , though no specific allele silencing mechanisms have been identified. These observations suggest that stochasticity in gene expression is significant for cytokine genes. Indeed, significant variability between cells is observed in cytokine gene expression timing, duration and magnitude ( Figure 2B and D) . This variability influences T-cell responses also through intercellular interactions. For example, if one cell expresses the Th2-driving cytokine IL4 earlier during a response, it may affect nearby cells promoting their Th2 polarization. As these cells start secreting IL4 themselves, a local extracellular positive feedback will be generated, ensuring a coherent response of the cell population. Further studies are required for understanding how individual variability in levels and timing of gene expression of cells shape the population response.
Microwell arrays provide a promising controlled environment for direct investigation of these questions, as they combine a number of advantages for studying stochasticity and intercellular interactions. First, as discussed earlier, it is now possible to follow individual cells over the course of their response while recording cell phenotype and gene expression levels dynamically. Second, the arrays provide a well-defined geometry for the cultured cells, which facilitates investigation of interactions between cells, as microenvironments are kept relatively stable during an experiment. Such studies are much harder to perform in typical cell culture devices, as lymphocytes move and exchange interaction partners dynamically. Finally, combining these arrays with microfluidics flow channels and valves can allow for exchange of medium during the course of the experiment, and thus changing the cells' environment dynamically. This can allow for investigation of reversibility of cell state or of responses to fluctuating signals.
The use of microwell arrays for single-cell research of nonadherent cells has already led to a better understanding of lymphocyte behavior and function. Gathering high-throughput data using recent advances will enable the direct quantification of gene expression and phenotypic variability, promoting the discovery of general regulatory principles that shape lymphocyte responses.
Key Points
Single-cell analysis of primary lymphocytes using live cell imaging is difficult due to their nonadherent nature, their high motility upon activation and their tendency to form clusters. Recent studies have demonstrated that microwell arrays allow for long-term culture and monitoring of primary lymphocytes, by limiting their motion without tethering. Live cell imaging within microwell arrays was used for monitoring dynamics of gene expression in singleTand B cells, as well as for timing cellular events including cell death, division, viral infection and killing interactions. These advances provide promising tools for studying heterogeneity in populations of clonal lymphocytes and intercellular interactions between immune cells.
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